Re-establishment of electrical conductivity in graphene oxide (GO), the insulating form of graphene, is (partially) accomplished by reduction through high temperature treatments in a reducing atmosphere, or using strongly reducing chemicals or electrolytic processes. The reduction methods are suited for bulk graphene oxide. Spatially resolved reduction of thin films of graphene oxide is important for a wide range of applications such as in microelectronics, where an electrolyte-free, room temperature reduction process is needed. Here, we present spatially resolved solid-state reduction of graphene oxide thin films. We demonstrate that the reduction mechanism is based on electrolysis of water that is adsorbed on the graphene oxide thin film. The reduced graphene oxide thin-films show sheet resistance of only several kOhm, with weak temperature dependence. Graphene oxide can be produced on a large scale and processed using low-cost solution casting techniques. Spatially resolved re-establishment of conductivity in GO can be used in electrically controlled water permeation or in micro-and nanoelectronic applications for instance as an anti-fuse.
Introduction
Graphene oxide (GO), a partially oxidized form of graphene, is a wide bandgap insulator that unlike graphene can be produced on a large scale at low costs. Due to the presence of oxygencontaining functional groups on the surface, GO can be easily dispersed in water, yielding a stable colloidal suspension thereby enabling solution processing. 1 Electrical conductivity can be restored, at least partially, by reducing GO and re-establishing CQC sp 2 bonds. Despite the fact that complete reduction of GO is still a challenge, 2 reduced graphene oxide (rGO) has been successfully used for low-cost applications and solution processable electronic devices 3 such as field-effect transistors, 4 solar cells, 5 transparent conductive films, 6 supercapacitors, and electrically controlled water permeation. [7] [8] [9] [10] Thermal, chemical and electrochemical methods are the most common strategies in producing rGO. Thermal annealing in a controlled reducing atmosphere of Ar/H 2 produces rGO with high degree of reduction and relatively high conductivity in bulk form. 11, 12 To furnish rGO via chemical routes, strong reducing and typically toxic chemicals such as hydrazine hydrate, are used. [13] [14] [15] Electrochemical reduction of GO is usually performed from aqueous colloidal suspensions in the presence of a buffer electrolyte. 16, [17] [18] [19] [20] The electrolyte plays a critical role in the quality of the final rGO and, concomitantly, its electrical conductivity. 21, 22 Recently it has been reported that GO thin films deposited on an Au coated substrate show enhanced conductivity upon application of a potential difference between either the metallic tip of an atomic-force microscope (AFM) in contact mode or a
The current paradigms at both the industrial and research levels produce reduced graphene oxide (rGO), an imperfect form of graphene, only in the bulk form. For a wide range of applications, from microelectronics to water permeation, spatially resolved and controlled reduction of GO in (thin-) films is needed. Such applications require a paradigm shift in the reduction process, which should be free from intentionally used auxiliaries such as electrolytes and high temperatures. This manuscript demonstrates how to control reduction of GO thin-films at room temperature with spatial resolution simply by application of a voltage, without the intentional use of electrolytes. This work demonstrates the underlying fundamental reduction mechanism and its kinetics. Achieving and controlling spatial resolution in reduction have a broad impact on the application of GO. The insight gained here can shed light on many of the fundamental processes that take place during electrically controlled water permeation through GO (very recently demonstrated). Furthermore, spatial resolution of the reduction process is crucial for the applications of rGO in microelectronics in for instance antifuses.
scanning tunneling microscope tip (STM) and the bottom Au contact. [23] [24] [25] [26] No liquid electrolyte has intentionally been used.
Different mechanisms have been proposed for the enhanced conductivity. It has been argued that the conductivity enhancement is due to the reduction of GO in an electrochemical process initiated by the voltage applied to the tip, 27 and that the process is reversible. On the other hand, density functional theory (DFT) calculations have suggested that the strength of the applied external electric field is the driving force for the enhanced conductivity. 28 Finally, it has been suggested that the increase in conductivity is current driven, [29] [30] [31] and the reduction process is sensitive to the humidity of the environment. 32, 33 There
are still many open questions regarding the reversibility of the reduction process 34 and a general consensus is still missing.
Spatially resolved solid-state reduction of graphene oxide on the micro-and nanoscale simply by application of an electric potential is of technological interest. A breakthrough in spatial reduction allows realization of rGO-based interconnects or antifuses. 35 The anti-fuse or interconnect formation is typically the last step in a microelectronics manufacturing process, wherein a thin film of a highly resistive material sandwiched between two contacts, is made conductive by application of a bias over the contacts at temperatures below 150 1C. 36 Anti-fuses based on GO should then be realized by local reduction of thin solid films of GO, simply by application of a bias over the film.
GO-based anti-fuses have not yet been demonstrated.
Here, we present the spatially resolved solid-state reduction of graphene oxide thin films in a humidity controlled atmosphere as a first step towards the development of a GO-based antifuse. We unambiguously show that the reduction is an irreversible electrochemical process driven by the electrolysis of water that is supplied from the gas phase. Due to water electrolysis, conductive rGO dendrites irreversibly grow from the working to the counter electrode. The reduction of GO was confirmed by scanning Raman and X-ray photon spectroscopy (XPS). We present a mechanistic model to explain the bias and time dependence of the reduction process. The sheet resistance of 10 kOhm per square obtained after reduction of the GO thinfilm shows a weak temperature dependence, E act of only 12 meV, down to 30 K indicating the formation of a highly electrically conductive rGO film. Using lithographically patterned structures spatially resolved rGO thin-films could be realized.
Experimental section

Fabrication of test structures
Silicon monitor wafers with a thermally grown SiO 2 layer of 200 nm were used as substrates. The wafers were cleaned using acetone and subsequently an ethanol ultrasonic bath for 5 minutes prior to use. Test structures were realized using conventional I-line photolithography. 37 Test structures comprising both interdigitated and circular concentric electrode configurations were fabricated. Au (50 nm) was used as the contact with Ti (2 nm) as an adhesion layer. The spacing, L, and width, W, between the Au electrodes was varied between 0.75 mm and 50 mm, and between 1000 mm and 11 000 mm, respectively. The schematic of the test structures are shown in Fig. S1 in the ESI. † Prior to graphene oxide deposition, the substrates were cleaned using acetone and subsequently ethanol ultrasonic baths for 5 minutes. To promote wettability of the substrates, the surface was treated with a UV/O 3 plasma for 30 min. Water dispersions of graphene oxide (4 mg ml À1 ) were purchased from Graphenea, Spain, and used as received. To obtain a homogeneous dispersion, the solution was sonicated for 1 hour in a 40 Hz ultrasonic bath. Thin-films were formed by depositing a drop from a homogeneous water dispersion of GO (4 mg ml
À1
) on the test patterns (Fig. 1a) . The GO films were further dried in a vacuum at 80 1C. The thickness of the GO film amounted to 300 nm. Thinner films were obtained by diluting the GO dispersion. By adding deionized water, the stock solution of GO was diluted to 1.5, 0.75, 0.37 and 0.18 mg ml
, from which thin-films of different thicknesses of 115, 60, 30, and 10 nm were obtained, respectively. GO suspensions were drop-cast on the test substrates and dried at room temperature overnight.
Device characterization
Electrical characterization was performed under both dynamic vacuum and ambient conditions (room temperature and relative humidity of 25 1C and 45% respectively), as well as under controlled humidity conditions. For every measurement a fresh test structure without prior history was used. For DC measurements a Keithley 4200-SCS Semiconductor Characterization System was employed. Electrochemical measurements were performed with a mAutolabIII/ FRA2 from Metrohm Autolab. Cyclic voltammetry measurements at different humidity levels were performed on a home-made sealed probe station. The humidity level was controlled using N 2 and a gas bubbler. To obtain a relative humidity higher than 45%, synthetic air was passed through a gas bubbler filled with water. Low humidity levels were achieved by flushing dry N 2 into the chamber.
Analytical characterization
Optical images were taken in reflection mode using a Polyvar optical microscope. AFM measurements were performed using a Nanoscope Dimension Icon in peak force mode. The KPFM measurements were performed in frequency mode with PPP-EFM cantilevers (Nanosensors GmbH). Scanning electron microscope images were taken using a Zeiss 1530 Gemini SEM. Scanning Raman spectroscopy was recorded with a Bruker RFS 100/S spectrometer operating at a laser wavelength of 532 nm. The Raman spectra were normalized to the intensity of the 2D peak (2700 cm À1 ) after the baseline correction. X-ray photoelectron spectroscopy (XPS) was conducted with a Kratos Axis UltraDLD spectrometer (Kratos, Manchester, England) using Ka excitation of an Al source with a photon energy of 1487 eV. The data were acquired in the hybrid mode with a measurement size of 300 Â 700 mm 2 using a 01 take-off angle, defined as the angle between the surface normal and the axis of the analyzer lens. A charge neutralizer was always used during spectra collection to compensate for charge build-up on the samples. Survey and detailed region XP spectra were collected by setting the analyzer pass energy at 80 eV; C 1s and O 1s high-resolution spectra were collected with an analyzer pass energy of 20 eV. A neutralizer was always used during spectra collection. To avoid beam damage, the spectra collection time was constrained within 2 minutes and several separate spots were measured for each sample. Atomic compositions were calculated by subtracting a linear background from the collected spectra by setting the analyzer pass energy at 80 eV. The peak areas were normalized by the manufacturer supplied sensitivity factors, and atomic compositions were calculated accordingly with CasaXPS software.
Results and discussion
Dendrite formation GO thin-films were formed by drop-casting on the test structures with Au electrodes. We note that for every single measurement a fresh device without any prior bias history was used. The samples were equilibrated for at least ten minutes before any measurement was started. A positive bias was applied to the working electrode and the counter electrode was grounded. The sheet resistance of the GO film was monitored with time and, simultaneously, optical images were recorded. Electrical measurements were performed under ambient conditions at 23 1C and 45% relative humidity. In a first step, a low fixed bias voltage of +1 V was applied. A high sheet resistance of about 1.2 Â 10 9 O & À1 was measured, which remained constant over time. Under these conditions, no changes were observed in the optical images over a period longer than 5 hours. In the next step, the electrical measurement was performed using a bias of +3 V. The sheet resistance as a function of time, Fig. 1c . In the early stages, there was no change in the contrast of the GO film. However, as time elapsed, the contrast of the GO film deposited on the grounded counter electrode changed; dark dendritic structures appeared at the edge of the grounded electrode that grew in time. Scanning electron microscopy (SEM) images, Fig. 1d , revealed formation of the dendritic microstructure in the GO thin-film. In order to probe signatures of the dendritic structures, we performed atomic force microscopy (AFM). The AFM tip was positioned in an area close to the Au cathode where dendritic structures were visible by optical microscopy (Fig. 1e) . The area marked in the white square was imaged. The AFM topography image, Fig. 1f , shows that there is no change in the height of the GO thin film due to the formation of the dendritic structures. However, there was a contrast in the contact potential difference (CPD) imaged with Kelvin probe force microscopy (KPFM), Fig. 1g . The CPD values for the GO were 50-100 mV higher as compared to rGO. The dendritic structure could be detected within the GO matrix. This finding suggests the conductive nature of the dendrites with respect to the surrounding GO matrix. Hence, the growth of dendrites from the grounded counter electrode, the cathode, to the positively biased working electrode, the anode, renders the insulating GO conducting.
A dramatic drop in sheet resistance was always observed as soon as the first dendrites bridged the gap between the electrodes. With further increase of the measurement time, the dendrites continued to grow until the whole area between the electrodes was fully covered. The reduction time, i.e. the time at which the sheet resistance dramatically dropped, did not depend on the width of the electrodes, which implies that the growth of dendrites is a one-dimensional process. Furthermore, a conducting channel could be always formed at voltages between +2 V and +2.5 V regardless of the electrode spacing. Hence, the dendrite formation process is not driven by the electric field, but completely dominated by the applied bias, suggesting electrochemical reactions.
In the next step, the test structures were placed in a high vacuum of 10 À6 mbar. Electrical measurements were performed by continuously applying a +3 V bias. The sheet resistance did not change with time. Biases as high as +10 V were applied, but the sheet resistance remained constant at the initial high value of 1.2 Â 10 9 O & À1 . Also the optical images did not change; the high vacuum impeded the growth of dendrites.
Characterization of rGO dendrites
To determine the chemical nature of the dendritic products in the GO film, scanning Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) measurements were performed. First, GO was partially reduced by applying +3 V on the Au electrode. Raman measurements were performed on the boundary between dendrites and the unaffected GO film. To decrease as much as possible the structural effects on GO induced by the Raman laser, 38-40 the integration time, the scan average, the laser wavelength and the laser doses were optimized. The optical image of the investigated spot is presented in Fig. 2a . The areas corresponding to GO and rGO are marked. Representative local Raman spectra of regions are presented in Fig. 2d . The normalized spectrum measured in the dark brown area exhibits the three main characteristic peaks of GO: the D mode at 1357.0 cm
À1
, the G mode at 1590.5 cm À1 and the 2D mode at 2738.6 cm
. The D and G modes have almost the same intensity (I D /I G = 0.84), which is indicative of high structural disorder caused by the random distribution of oxidized areas with oxygen-containing functional groups. The normalized Raman spectrum of the light brown region shows a relative increase in the intensity of the D peak (I D /I G = 1.54), which is characteristic of the high-density defect regime and reflects a relative increase of sp 2 domains. 41, 42 The
Raman spectra therefore provide evidence that the dendrites consist of rGO. A two-dimensional map of the Raman spectra of the marked region in Fig. 2a was obtained and is presented in Fig. 2c . The map was extracted from the intensity of the G mode (1590 cm À1 ), by taking point-by-point Raman spectra of the indicated area. The color map is based on an intensity color scale with yellow and red corresponding to the high and low intensity regions, respectively. The 2D Raman map clearly shows that the area under investigation is composed of two distinct regions of rGO and GO. In order to quantify the extent of reduction we first reduced the GO layer at +3 V. Remaining GO was washed away with water. Subsequently, XPS spectra were measured to quantify the degree of reduction. XPS spectra were taken from rGO between the Au electrodes and from GO on the bare substrate far away from the electrodes. The survey spectra of as deposited GO and rGO are presented in Fig. 2e . With increasing binding energy, the marked emissions can be assigned to Si 2p (101 eV), Si 2s (152 eV), C 1s (284 eV) and O 1s (532 eV). Clearly, the relative intensity of O 1s photoemission with respect to C 1s is reduced for rGO as compared to GO. A close up of the C 1s and O 1s X-ray photoemission spectra are presented in Fig. 2f and g, respectively. The XPS spectra were self-fitted according to the Voigt function, after performing a Shirley background subtraction. 43 The C 1s spectrum of GO was deconvoluted into three peaks corresponding to different types of carbon species. The peaks were centered at 284.2, 286.2 and 287.8 eV corresponding to C sp 2 , combination of C-O and CQO, and COO, respectively. 6,13,44 By contrast, the deconvoluted spectrum of rGO is dominated by the emission peak from C sp 2 . The amount of C-O, CQO and COO bonds has substantially been reduced. Moreover, a fourth peak, centred at 285 eV and corresponding to C-C sp 3 bonds, needs to be introduced in order to reproduce the experimental rGO spectrum. The O 1s spectrum of GO can be mainly deconvoluted into two peaks. The peaks centred at 530.7 eV and 531.5 eV are assigned to COO bonds and to O atoms directly bonded to carbon C-O, respectively. [45] [46] [47] The O species existing in OH or bonded to aromatic C, appearing at binding energies above 533 eV, 48 cannot be excluded; the spectra components for these species were weak and superimposed by the peak at 531.5 eV.
The O from absorbed water (4534 eV) is not detected since the water species are evaporated in the ultra high vacuum. 49 In accordance with the C 1s spectra, the O 1s spectrum of rGO is dominated by the reduced C-O states, despite the fact that no complete reduction of the oxygen-containing functional groups has been achieved. The degree of reduction in rGO was obtained by calculating the spectral weight of the C sp 2 contribution within the whole C 1s region. The sp 2 percentage was found to be 47% and 55% for GO and rGO, respectively. It has been shown that a small increase in sp 2 fraction yields substantially enhanced electrical conductivity. 50 Finally, using the XPS data, the elemental composition percentage was determined to be 71.4 AE 1.2 (C) and 28.6 AE 1 (O) for GO and 79.8 AE 1 (C) and 20.8 AE 0.8 (O) for rGO.
Reduction mechanism
To pinpoint the reduction mechanism, we performed twoelectrode cyclic voltammetry (CV) measurements both on a pristine GO thin-film and on a demi-water droplet deposited on the substrate. The electrode spacing was 50 mm. One electrode was taken as the working electrode and the other one as the counter electrode. The CV diagrams were obtained at a low sweep rate of 0.1 V s À1 . We first measured CV for a GO layer deposited on the test structure. The CV curve of GO, Fig. 3a , showed that the current passing through the GO film slowly increased from 0 to 10 mA as the voltage increased from 0 to about 3.2 V. Subsequently, the current increased exponentially with the applied bias, indicative of the complete reduction of the GO film. Upon scanning back, the current remained high at about 5 mA, which indicated that the formation of rGO is an irreversible process. The formation of rGO is confirmed by the quasi-rectangular shape of the CV curve indicating a capacitive behavior typical of an electrical double-layer. Electrical energy can be stored at the electrode-electrolyte interface when a voltage bias is applied. 51 Thus, increased scan rate results in an increase of the discharge current of the CV demonstrating an ultrafast charging and discharging capability. The CV curve of demi water deposited on the test structures was subsequently measured under identical conditions, and is presented in Fig. 3b . The oxidation peak is observed at around B3.2 V. In a conventional electrochemical cell, water electrolysis takes place at an electrode potential of 1.26 V; hence, the overpotential is about 2 V. This overpotential is due to the special geometry of the electrochemical cell, using two Au electrodes and is in good agreement with predictions from DFT calculations for electrolysis on ideal polarizable electrodes such as Au. 52, 53 More importantly, the CV curves of the GO film and demi water at high bias coincide. This means that the oxidation of water is the rate determining step for the reduction of GO. The two-step mechanism is as follows. First water is oxidized at the anode: ). (e) XPS survey of GO and electrically conductive rGO using a photon energy of 1487 eV. High-resolution spectra for C 1s (f) and O 1s (g) peaks measured for GO and rGO, and the corresponding deconvolutions.
The formed H + ions diffuse through the adhering water layer from the anode to the cathode, where they enable the reduction of GO to rGO by:
Since the microscopic composition of GO is unknown, the constants a, b and c in eqn (2) cannot be defined. The reduction mechanism is schematically depicted in Fig. 3c . Water is oxidized at the anode and H + ions are formed, which diffuse towards the cathode and reduce GO. Due to the high resistance of the GO film, the reduction is not homogeneous in the channel. Starting from a pristine GO film, due to the high resistance the potential varies linearly from the cathode to anode. Only close to the cathode is the potential low enough to reduce GO. The rGO formed is a good electrical conductor and, therefore, the potential drop over the formed rGO can be disregarded. The remaining GO film remains highly resistive; there is no current flowing through the GO film and the potential therefore varies linearly from the boundary between GO and rGO to the anode. Subsequent reduction then takes place at this boundary. This means that the effective channel length decreases, and that the dendrites of rGO grow in a front from the cathode to anode. During this growth the sheet resistance remains high, until the first conducting rGO dendrites cross the electrode spacing. This two-step electrochemical mechanism readily explains that the GO reduction is a one-dimensional process. Therefore, the reduction time is independent of the width of the electrode. To further substantiate the mechanism, we investigated the reduction kinetics, meaning we varied the relative humidity, the scan rate as well as the applied potential, and measured the sheet resistance and reduction time. To demonstrate that water is a crucial component, we performed single CV sweeps as a function of relative humidity. The bias was swept from 0 V to 4.5 V. We used a scan rate of only 0.01 V s À1 to mimic quasi-static measurements. The sheet resistance after the sweep is presented in Fig. 3d as a function of relative humidity. At zero humidity, i.e. in a vacuum, the sheet resistance was the same as that of the starting GO; electrochemical reduction of GO is impeded. The sheet resistance decreases with increasing humidity, down to about 20 kO & À1 at 25%. Under these conditions GO is reduced but the reduction is incomplete. Above a relative humidity of 25% the sheet resistance does not further decrease but remains constant. Within the single sweep the reduction of GO to rGO then is complete. These measurements confirm that the first step in the reduction of GO is the oxidation of water, cf. eqn (1) . Without water the reduction of GO is inhibited.
Complete reduction only occurs when the measuring time is long enough so that the dendritic rGO front can bridge the gap between the electrodes. As an illustration we performed single CV sweeps with a bias from 0 V to +2.5 V and back, under ambient conditions, 23 1C and 45% relative humidity. The sheet resistance is presented as a function of scan rate in Fig. 3e . At high scan rates the sheet resistance remains equal to that of GO films. In a single sweep, there was not enough time to fully reduce the GO. At a scan rate of about 10 À3 V s À1 the resistance suddenly drops by orders of magnitude and the first rGO dendrites bridge the gap between the electrodes. The sheet resistance further decreases with decreasing scan rate, until the whole film is reduced in a single sweep.
Electrical characterization of spatially resolved rGO
The presence of the working and counter electrodes on the substrate confines the reduction in the area between the electrodes. The solid-state reduction process is therefore spatially resolved. The spatial resolution could lead to an anti-fuse technology, wherein a non-conducting GO thin-film becomes conductive upon applying a DC potential over the contacts. Since the reduction process depends on the applied bias, in the next step, we fixed the electrode spacing and applied different DC biases on the contacts at an ambient temperature of 23 1C and 45% humidity. The reduction time, extracted as the time where the sheet resistance dropped from 10
, is presented as a function of the applied bias in Fig. 4a . The reduction time depends on the applied bias. The shape of the curve obtained mimics the oxidation of water, cf. Fig. 3b . Up to a bias of about +2 V, the sheet resistance remained unchanged. Hence, the reduction time is large and constant. For biases larger than 2 V, water gets oxidized; the faradaic current increases exponentially with the applied bias. Consequently, the reduction time decreases about exponentially with the applied bias.
In the next step we applied a fixed bias of 3 V and varied the electrode spacing. The reduction time obtained for different anti-fuses is given in Fig. 4b . The diffusion of H + ions implicitly shows up in the scaling of the reduction time with electrode spacing as presented in Fig. 4b . The observed trend for the reduction time suggests that the diffusion of H + ions is the ratedetermining step in the reduction of the GO thin-films. A picture of a GO anti-fuse with a contact spacing of 50 mm is given in the inset of Fig. 4c . The anti-fuse was formed uniformly by applying a fixed bias of 2.16 V. The GO in between the Au electrodes is fully reduced under ambient conditions within 5000 seconds.
To drive the contact resistance, R c , a series of anti-fuses with co-centric electrode geometry, and different electrode spacings were tested. Four-point probe measurement was performed. The contact resistance was extracted with the circular transfer line method. 54 The values of R c amount to 7 AE 2 kO mm, which is comparable to those obtained for transferred CVD graphene, indicating the formation of a good ohmic contact between the rGO film and Au electrodes. To characterize the conduction mechanism and to estimate the activation energy, E a , temperature dependent conductivity measurements were carried out under high vacuum conditions at 1 Â 10 À6 mbar. The sheet resistance extracted at three bias levels of 40 mV, 400 mV and 4 V is presented as a function of temperature between 30 K and 290 K in Fig. 4c . The sheet resistance amounts to typically 10 4 O & À1 at 290 K and increases monotonically to B5 Â 10 4 O & À1 as the temperature decreases to 30 K. The conductivity of the rGO films shows an activation energy of 12 AE 5 meV. Observation of a low activation energy is indicative of a highly conductive rGO film. Previous works have reported strongly temperature dependent charge transport and therefore have suggested a hopping transport mechanism with large activation energies that were ascribed to the large number of defects present in the rGO films. 44, 55, 56 Here, the observed weak temperature dependence of the conductivity down to 30 K indicates a high degree of reduction in rGO.
Conclusion
We have presented the spatially resolved solid-state reduction of graphene oxide thin-films. The reduction is based on an electrochemical process that is driven by electrolysis of ambient water (humidity) at the anode. The reduction is initiated at the cathode, upon diffusion of protons. Reduced graphene oxide shows a one-dimensional dendritic growth. The spatially resolved re-establishment of the conductivity by applying a constant DC bias on the electrodes is similar to an anti-fuse and interconnect formation procedure in the microelectronic industry. We have shown that the formation of spatially resolved reduced graphene oxide thin-films is influenced by two factors viz. applied bias, and humidity. Biases larger than 2 V and humidity above 30% are required to form homogeneously reduced graphene oxide thin-films. The diffusion of protons determines the reduction time of the thin-films. Application of spatially resolved rGO could be an economical replacement particularly interesting for vias (vertical interconnect). Furthermore, the conclusive demonstration that the reduction process is irreversible and driven by voltage clarifies the ambiguities regarding the reported enhanced conductivities in the literature.
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